This study deals with the growth mode of N,N'-dipenthyl-3,4,9,10-perylenetetracarboxylic diimide (PTCDI-5C) thin films from less than one monolayer to 23 monolayers thick. The effects of growth temperature and the thickness and nature of the substrates -SiO 2 on Si(001) or octadecyltrichlorosilane (OTS) self-assembled monolayer terminated Si(001) surfaces-are discussed. Thin films were deposited from a home-made Knudsen cell by using a hot-wall deposition technique. Films were analyzed by atomic force microscopy, X-ray diffraction, and X-ray reflectivity. Films exhibited a (001) orientation with a 1.63 nm d spacing, and a metastable thin film phase was observed without any distinction of the nature of the substrate. However, differences were noticed in the early stages of growth: PTCDI-5C/SiO 2 first monolayers presented a Stranski-Krastanov growth mode, whereas PTCDI-5C/OTS first monolayers showed a more complex mode a Corresponding author: phone +81 29 851 3354, Fax: +81 29 860 4796, e-mail: PETIT.Matthieu@nims.go.jp 2 with incomplete wetting of the substrate surface. Differences between the two morphologies softened as the film thickness increased.
3 PTCDI-5C thin films and transistors have been studied in recent years on different substrates. Chesterfield et al. reported the growth of PTCDI-5C on Al 2 O 3 and SiO 2 . 6, 7 In both case, the authors observed a (001) growth orientation of the PTCDI-5C, with the presence of a "thin film phase". This thin film phase, however, tends to disappear as the temperature increases and may be a metastable growth-limited phase or a thermodynamically stable polymorph. This thin film phase has also been reported in the case of pentacene thin films. 8 As the orientation and morphology of molecules in the first few monolayers of the organic film work as a channel and are therefore very important in terms of OFET properties, it is crucial to have a good understanding of the growth mechanism of the first monolayers. Our study, therefore, focused on the early stages of growth of PTCDI-5C thin films on Si(001) substrates from less than one monolayer to 23 monolayers thick. The effects of the type of the substrates, temperature, and thickness were investigated.
EXPERIMENTS:
PTCDI-5C molecules were deposited on n-type Si(001) wafers by using a Knudsen cell in a vacuum organic molecular deposition system, with the base pressure below 5 × 10 -9 Torr. As the molecules evaporated quite rapidly, even at low temperatures, we used the hot wall deposition technique. 5, 9 Stable deposition rate and effective delivery of the molecules were thus possible, since the molecules were focused on the substrates through a heated glass tube that was set between the crucible and substrate. A deposition rate of about 0.1 ML.min -1 , monitored by a quartz balance, was used and kept constant throughout all the experiments.
Two types of Si(001) substrate surfaces were used: surfaces terminated by SiO 2 layers prepared by using Shiraki's method and surfaces terminated by self-assembly of octadecyltrichlorosilane (OTS) monolayers. This OTS layer was grown on silicon dioxide layers prepared by Shiraki's method. 10 Substrates temperatures for growth were varied from room temperature (RT) (23 °C) to 120 °C.
The structure and morphology of the thin films were examined by atomic force microscopy (AFM SII, SPI4000). X-ray diffraction (XRD) with a Bruker D8 Discover (Cu Kα source, λ = 0.15418 nm) was used to check for thin film crystallinity. X-ray reflectivity measurements were used in addition to AFM for the study of the very thin films (from 0 to 1 monolayer).
RESULTS AND DISCUSSION:
PTCDI-5C molecules crystallized into a triclinic structure, as shown in Figure 1 , with the following lattice parameters 11 : a = 0.4754 nm, b = 0.8479, c = 1.6296 nm, α = 86.88°, β = 83.50°, γ = 83.68°. The density was 1.36 g.cm -3 .
AFM and XRD measurements on films from 3 to 23 ML:
The dependence on thin film structure and morphology versus type of substrate (SiO 2 /Si or OTS/SiO 2 /Si), substrate temperature (RT to 120°C), and film thickness (3 to 23 monolayers; ML) were studied. AFM images are presented in Figure 2 . Although no clear structure was observed in the early stages of deposition ( Fig. 2a, 2e ), a ribbon-like structure was clearly visible with increasing film thickness ( Fig. 2b, 2f ) on both the SiO 2 and OTS substrates at room temperature. Here, OTS treatment resulted in an increase in ribbon size: ~100 x 400 nm for SiO 2 to ~150 x 600 nm for OTS.
Another effective way to increase ribbon size is to increase the substrate temperature. As temperature increased, grain growth in a lateral direction was enhanced and ribbon size increased in both types of substrate ( Fig. 2b, 2f ). The ribbon-like grains evolved into mesa-like grains in a vertical direction. In response to the combination of OTS treatment and temperature optimization, growth of grains (or ribbons) with a size of several micrometers was achieved ( Fig. 2h ). This size is a key point in the carriers' mobility: by increasing grain size the probability of the grain boundary altering the mobility in the channel of the transistor decreases.
Although for thicker films the morphology was the same on the two kinds of substrates at 120 °C, there was a difference for the 3-ML films. Thin film grown on SiO 2 at room temperature already exhibited mesa-like grains, but that on OTS presented a morphology that seemed to be more "layer by layer" oriented, with uncompleted wetting of the substrate surface. Indeed there were holes (the black parts on the pictures) where the substrate's surface appeared, as shown by the arrow in Figure   2g . The terrace heights were found to be between 1.62 and 1.75 nm. These values almost coincided with the lattice constant of the c-axis. More details on the early stages of growth will be given in the following part.
Roughness of the surfaces was quite low and showed no significant variation with thickness or kind of substrate. Only a slight increase was noticed with increasing temperature: measured roughness varied from 1.5 to 2 nm. The difference in morphology observed in the early stage was hidden in the thicker films.
To gain insight into the molecular orientation, we carried out XRD measurements. Figure 3 illustrates the XRD patterns of thin films grown at 120 °C with the thickness of 23 ML on SiO 2 at a logarithm scale. The XRD pattern on OTS was essentially the same. The pattern shows a primary peak with a d spacing of 1.63 nm. This peak is close to the (001) peak of the powder pattern (d spacing 1.62 nm). The FWHM of the rocking curve of the (001) peak is 0.09°±0.01° (substrate Si(004) : 0.04°). Smaller peaks are also clearly visible, consistent with higher orders of reflection:
(002), (004), and (005). We should emphasize that the 1.63-nm d spacing was close to the previous 6 terrace heights found with the AFM measurements. Clearly visible and well defined fringes can be observed around the (001) peak, confirming the smoothness of the surfaces already observed from the roughness of the AFM images. Thus molecules were oriented with the c-axis normal to the surface of the substrate. This means that the π-stacking direction of the PTCDI-5C was parallel to the surface. This corresponded to the best packing scheme of the molecules from the charge transport point of view in an OFET heterostructure.
The XRD pattern in the inset corresponded to that of thin films grown at room temperature. It revealed a second set of (00l) peaks named (00l'). The (001') peak corresponded to a 1.83 nm d spacing. These observations are in agreement with previous reports. 3,6-8 These (00l') peaks were attributed to a metastable thin film phase. The intensities of the (00l') peaks for SiO 2 and OTS substrates decreased as growth temperature increased. The thin film phase disappeared at higher temperatures. At 120°C, the (00l') peak disappeared for both substrates.
From this AFM and XRD information, on the basis of the d spacing of the film it was possible to draw a scheme of the packing of the PTCDI-5C molecules on the surface of the sample. The schemes are shown in Figure 4 . According to the bulk structure ( Fig. 1 ), molecules were tilted to the (001) plan. The plan normal to the one of the aromatic cores (drawn in gray dashed lines in Fig. 4) and containing the alkyl chains was tilted from 41.9° to the (001) plan. The resulting d spacing was 1.63 nm. Regarding the thin film phase, the d spacing was 1.83 nm, which means that the orientation of the molecules was different from that of the bulk. So as to satisfy this d spacing value, the tilted angle had to increase from 41.9° to 49.6°.
PTCDI-5C thin films seem to provide better characteristics at high growth temperature (wide grain size and single phase) for the purpose of fabricating an OFET. Another important factor for OFET is the orientation and morphology of the molecules in the first few monolayers. This is because the first few monolayers work as a channel for the OFET. In the following part, we discuss the growth mode of the early stage of thin film growth.
Early stages of PTCDI-5C growth: AFM and XRR measurements
We examined the formation of the first monolayer of PTCDI-5C on both SiO 2 and OTS substrates at a growth temperature of 120 °C. AFM images are presented in Figure 5 .
Images 5a and 5b show the creation of the first PTCDI-5C monolayer on SiO 2 with surface coverages of 0.40 ML and 0.90 ML, respectively. The organic layer formed wide islands-larger than one micrometer-on the surface that grew until the whole surface was covered by one monolayer.
In addition to the AFM observations, X-ray reflectivity experiments (Fig. 5c ) were done on the samples. The reflectivity curves of the SiO 2 /Si and OTS/SiO 2 /Si substrates are given for comparison.
Parameters used to fit the curves are presented in Table 1 . Parameters determined for the substrates were then kept constant for the fitting of the samples with deposited organic thin film. Fit results of the X-ray reflectivity curves of the SiO 2 /Si substrates provided a thickness of the PTCDI-5C layer in the range of 1.65-1.80 nm, in agreement with previous XRD and AFM measurements. We noticed that the densities of the organic layer were lower than the PTCDI-5C nominal one 3 (1.36 g.cm -3 ).
The fitted densities increased from 0.80 g.cm -3 to 1.33 g.cm -3 as the coverage rate of the organic layer increased from 0.40 to 0.90 ML. These densities lower than the nominal value take into account the fact that the monolayer was not complete. Moreover, from these fittings, it seems that the density of the monolayers was close to the bulk value.
The growth mode of this first PTCDI-5C monolayer on the SiO 2 surface was two-dimensional.
Looking at Figures 5a, 5b , and 2c together, we can conclude that PTCDI-5C molecules grow in a Stransky-Krastanov mode. That is, a wetting layer one monolayer thick is formed first and then subsequent monolayers are stacked up, forming a mesa structure a few layers thick.
Images of the first monolayer of PTCDI-5C on OTS/SiO 2 /Si substrate are illustrated in Figure 5d -5e. The growth mode on this substrate was obviously different from that on SiO 2 /Si substrate. First, smaller islands were grown on OTS than on the SiO 2 /Si substrates: the average size was about 250 nm 2 (Fig. 5d ). This result suggests that the probability of nucleation on OTS was higher than that on SiO 2 . As the deposition time increased, the islands coalesced and a second monolayer started to grow: parts of the surface were covered by islands of two monolayers high (coverage rate 45%) and
other parts by only one monolayer (Fig. 5e , arrow) (coverage rate 6%), the substrate surface remaining incompletely wet.
X-ray reflectivity curves of PTCDI-5C on OTS/SiO 2 /Si substrates are also shown in Figure 5f . The reflectivity curve for the OTS/SiO 2 /Si substrates was fitted according to the literature: 12, 13 the Si (001) substrate was first covered by a silicon dioxide layer (thickness ~2.30 nm). We noted that since the indices of refraction of silicon and silicon dioxide are very close, the fits were not very sensitive to a change in this silicon dioxide layer. To fit the OTS monolayer, the OTS molecule was divided into two "virtual layers" to take into account the difference in density between the silane head and the alkyl chain. The first "virtual layer" corresponded to the silane head. The thickness was close to the Si-O-Si bond length and the density was between that of the silicon dioxide layer and that of the OTS. Actually, this first "virtual layer" can be seen as the interface between the silicon dioxide layer and the alkyl chains of the OTS molecules. Eventually the second "virtual layer" corresponds to the alkyl chain of the OTS layer. The thickness was fixed to 2.3 ± 0.1 nm.
The fitting parameters for the thickness d 1 , corresponding to the lowest coverage rate of 0.36, gave a thickness of 1.66 nm and a density of 0.73 g.cm -3 . For longer deposition times, the fitted thicknesses were between the height of one and two monolayers: 2.70 nm for d 2 and 2.80 nm for d 3 9 which renders the fact that the surface cover was a mixture of one and two monolayers, as observed with AFM. For the same purpose, we chose to allow a linear gradient to fit the density. The first number is the bottom density of the layer and the second is the top density. The values of fitted thicknesses and densities confirmed our observations made by AFM. As the deposition time increased, the surface was first covered by islands one monolayer high. The islands then grew in both lateral and vertical directions up to two monolayers. 
CONCLUSION:
We studied the effects of the substrate temperature and thickness and the nature of the surface substrate on the growth of PTCDI-5C thin films. Thin films with thicknesses ranging from less than one monolayer to 23 monolayers were grown. Both thin films grown on SiO 2 or OTS substrates exhibited a (001) orientation. Thus the π stacking occurred parallel to the substrate surface.
However, a thin film phase with a d spacing of 1.83 nm was observed. This phase disappeared as the growth temperature increased.
There were some differences at the early stage of growth. In PTCDI-5C/SiO 2 the first three monolayers presented a Stransky-Krastanov growth mode. During the growth of the first three monolayers in PTCDI-5C/OTS there was incomplete wetting of the surface and the beginning of a 3D growth mode. These differences can be explained in terms of molecule-substrate interactions at the PTCDI-5C/OTS and PTCDI-5C/SiO 2 interfaces. However, this difference in the interface nature was effective only for first monolayers; thin films grown on SiO 2 and OTS substrates had the same morphology at higher thickness. 
